Background: In selected patients with early-stage and low-risk breast cancer, an MRI-linac based treatment might enable a radiosurgical, non-invasive alternative for current standard breast conserving therapy. Aim: To investigate whether single dose accelerated partial breast (APBI) to the intact tumor in both the prone and supine radiotherapy positions on the MRI-linac is dosimetrically feasible with respect to predefined coverage and organs at risk (OAR) constraints. Material & methods: For 20 patients with cTis or low-risk cT1N0M0 non-lobular breast carcinoma, previously treated with single dose preoperative APBI in the supine (n = 10) or prone (n = 10) position, additional intensity modulated radiotherapy plans with 7 coplanar beams in the presence of a 1.5T magnetic field were generated. A 20 Gy and 15 Gy dose was prescribed to the gross tumor and clinical target volume, respectively. The percentage of plans achieving predefined organ at risk (OAR) constraints, currently used in clinical practice, was assessed. Dosimetry differences between the prone versus supine approach and the MRI-linac versus clinically delivered plans were evaluated. Results: All MRI-linac plans met the coverage and predefined OAR constraints. The prone approach appeared to be more favorable with respect to the chest wall, and ipsilateral lung dose compared to the supine position. No dosimetric differences were observed for the ipsilateral breast. No treatment position was clearly more beneficial for the skin or heart, since dosimetry varied among parameters. Overall, the MRI-linac and clinical plans were comparable, with minor absolute dosimetric differences. Conclusion: MRI-linac based single dose APBI to the intact tumor is a promising and a dosimetrically feasible strategy in patients with low-risk breast cancer. Preliminary OAR dosimetry favored the prone radiotherapy position.
Introduction
Accelerated partial breast irradiation (APBI) following breastconserving surgery has proven to be an alternative to whole breast irradiation (WBI) in early-stage low-risk breast cancer [1] [2] [3] [4] [5] [6] . In current clinical practice however, APBI target volume definition can be difficult due to post-surgical breast tissue changes. The use of surgical markers and contouring guidelines improves the tumor bed delineation consistency among clinicians [7] . Nonetheless, a preoperative APBI approach with the tumor in situ has proven to be more beneficial with respect to target definition and treatment volumes, compared to postoperative APBI [8, 9] .
For APBI, an MRI-based strategy enables adequate visualization of tumor extent and selection of eligible patients [10] [11] [12] . MRguided CT-linac based single dose APBI delivered preoperatively in the prone treatment position has recently been evaluated as feasible for low-risk non-lobular carcinoma or ductal carcinoma in situ (DCIS) [13] . Furthermore, an MR-guided supine preoperative approach has also been shown to be dosimetrically feasible and is currently under clinical investigation with promising preliminary results [14, 15] . This single dose preoperative RT delivery results in a burden minimizing treatment for patients, and opens a new window of opportunity to evaluate a radiosurgical approach for breast cancer patients [15] [16] [17] . The MRI linear accelerator (MRI-linac) is a hybrid system, consisting of a 7MV linear accelerator (Elekta AB, Stockholm), and a 1.5 Tesla MRI scanner (Philips Ò ) [18] [19] [20] . In contrast to MRIguided CT-based RT currently employed in clinical practice, the MRI-linac provides on-line high soft-tissue contrast during the actual radiation delivery, thereby differentiating between target and non-target surrounding normal tissue. Furthermore, real-time target volume MR-imaging allows for potential plan adaptation strategies, such as smaller margins for target volumes and dose escalation. This may result in less radiotherapy-induced toxicity, while simultaneously enhancing the local tumor control probability. This might enable a radiosurgical approach to the intact tumor, possibly making breast conserving surgery and the subsequent radiotherapy (RT) schedule redundant for selected patients with early-stage low-risk breast cancer eligible for APBI. Also, due to real-time target volume MRI-imaging during RT, fiducial markers needed for position verification or a planning CT-might not be required, making single dose APBI MRI-linac based treatment less burdensome for selected breast cancer patients. Nonetheless, at least three major issues should be considered for treatment planning on the MRI-linac. First, the trajectories of secondary electrons are modified due to the presence of a magnetic field. As a result of a shorter build-up region and increased exit dose in the skin (i.e. due to the electron return effect), the dose distribution can be impacted [21, 22] . Second, certain technical specifications of the MRI-linac such as the fixed collimator and fixed couch position relative to the isocenter, could impact treatment planning. Furthermore, both the prone and supine treatment position on the MRI-linac might have specific challenges in practical and dosimetric feasibility. The main objective of the current study was therefore to investigate whether single dose APBI in both the prone and supine treatment positions to the intact tumor is dosimetrically feasible on the MRI-linac with respect to predefined, currently used in clinical practice, coverage and organs at risk constraints.
Material & methods

Patient selection
This study was designed as a RT predicate study for evidence based-introduction of the MRI-linac according to the R-IDEAL framework for clinical evaluation of technical innovations in radiation oncology [23] . Twenty patients were selected from 2 earlier studies on MRI-guided preoperative single-dose partial breast irradiation. At Duke University Medical Center, Durham, United States of America, 32 women (!55 years with cT 1 N 0 ductal carcinoma or low-intermediate grade DCIS 2.0 cm) were treated in the prone position with a single dose of 15 Gy, 18 Gy or 21 Gy to the tumor plus margin [13] . At Utrecht University Medical Center, Utrecht, The Netherlands, a study on the feasibility of preoperative single dose ablative radiotherapy in the supine position has recently been completed (!50 years of age with cT 1-2(max 3.0cm) N 0 non-lobular carcinoma), delivering 20 Gy to the tumor and 15 Gy to the clinical target volume. Details on these studies have been previously published [13, 15, 16, 24] .
For the current study, data was obtained from the first 10 patients treated in the supine position in the Dutch study and 10 patients treated with 21 Gy in the prone position, matched for breast size. A waiver exempting additional informed consent was acquired from the Institutional Review Boards of both participating institutes.
Treatment imaging and planning
For patients treated in the prone position, a preoperative diagnostic or treatment planning 1.5T or 3.0T contrast-enhanced (CE)-MRI and planning CT-scan using a CDR Ò prone breast board were available. For patients treated in the supine position, a preoperative diagnostic 1.5T or 3.0T CE-MRI, and a CE-planning 1.5T MRI and CE-planning CT-scan in the supine position were available. The first two patients were scanned on a supine board at 10°incline on a C-qual Ò and MRI-compatible Thorawedge board Ò . The remaining 8 patients were scanned at 5°incline on an adapted MRIcompatible Macromedics Ò breast board. For all patients, the gross tumor volume (GTV) had been contoured previously on the planning-CT by the treating breast radiation oncologist based on the fused images with the diagnostic and/or planning MRI. The GTV was uniformly expanded by 20 mm to create a clinical target volume (CTV). The chest wall and the first 5 mm from the external body surface were excluded from the CTV. A 3 mm margin was employed to generate the planning target volume (PTV). The first 5 mm from the external body surface were excluded from the PTV. This PTV margin is in concordance to the PTV margin employed in the supine clinical study, aiming at an objective dosimetric comparison to the clinical plans. A PTV was defined for the GTV as well as the CTV, resulting in a PTV GTV and PTV CTV , respectively. Organs at risk (OAR) such as heart, lungs, breasts, and chest wall had been previously delineated [16] . The skin was defined as the first 5 mm of the external body surface in the ipsilateral breast. Intensity modulated radiotherapy (IMRT) plans with 7 coplanar beams in the presence of a 1.5T magnetic field were created using Monaco Ò (version 5.19.01, Elekta AB, Stockholm, Sweden) on the planning CT-scans. The MRI-linac technical features are incorporated in this software. The linac is equipped with a multileaf collimator housing 160 leaves with a projected width of a single leaf of 0.72 cm at the isocenter [25] . In the MRI-linac, the flattening filter free 7MV photon beam can rotate a full 360°around the patient with maximum field size of 22 cm longitudinal and 57.4 cm lateral. The isocenter is fixed at 14.3 cm above the treatment couch. All plans were generated by one experienced radiation dosimetrist. The maximum amount of segments in the treatment planning software was set at 100. Dose prescription, coverage requirements and organ at risk (OAR) constraints were utilized as currently employed in the Dutch study for single dose APBI in the supine position [15] . The rationale for this possibly ablative treatment approach, prescribed dose and development of the organs at risk constraints have been previously described [15] . An integrated boost was utilized, with 20 Gy delivered to the GTV and 15 Gy delivered to the CTV, since this is also the intended prescription dose for future MRI-linac treatments. Adequate coverage of the target volume with doses as low as reasonably possible to the OAR was prioritized. Adequate coverage was defined as at least 99% of the PTV GTV/CTV receiving at least 95% of the prescribed dose to the GTV or CTV, respectively. The employed OAR constraints were a D mean < 3.6 Gy to the ipsilateral lung, a V 2.8Gy < 10% and V 4.7Gy < 5% to the heart, a D 20cc < 16.3 Gy to the chest wall, and a D 1cc < 12 Gy to the skin or a D 1cc < 16 Gy if the CTV aligned the skin [15] . Dose to the ipsilateral and contralateral breast was kept as low as possible.
Comparison to clinical treatment plans
In order to compare the MRI-linac plans to the actual delivered clinical plans in the prone or supine position, the OAR dosimetry was extracted from the clinical treatment planning systems. For the supine treatment position, the clinical plans attained the same prescription dose, target volume definition, and OAR constraints, however volumetric modulated arc therapy (VMAT) instead of IMRT was utilized for treatment plan optimization. For the prone position, the main differences compared to the MRI-linac treatment characteristics were a uniform dose prescription (i.e. 21 Gy to the GTV and CTV), a smaller CTV definition (i.e. 1.5 cm instead of 2.0 cm from the GTV) and different OAR-constraints [24] . Given the variation in techniques and prescribed dose, a pairwise individual comparison was not applied between the MRI-linac and the clinical plans.
Statistical analysis
According to the R-IDEAL design for RT-based innovations, a sample size of 20 patients should be adequate for this predicate study [23] . The primary study endpoint was defined as the percentage of feasible plans with respect to target coverage and OAR constraints. Secondary study endpoints entailed the dosimetric differences between the prone versus the supine treatment position, and dosimetric differences between the MRI-linac plans versus the corresponding clinical treatment plans. These differences were described quantitatively; no statistical tests were performed given the limited number of 10 patients. Patient and treatment planning characteristics were evaluated using descriptive statistics. Medians and interquartile ranges (IQR) were employed for continuous variables and frequencies for discrete variables. All analyses were performed in IBM SPSS Statistics Ò version 22.
Results
Baseline characteristics
Tumor and target volume characteristics of the 20 patients are presented in Table 1 . For the total group of patients (n = 20), the median GTV, CTV and PTV CTV was 0.9 cc (IQR 0.5-1.4 cc), 73.4 cc (IQR 66.5-84.0 cc), and 103.0 cc (IQR 94.8-115.2 cc), respectively, with a median PTV CTV to ipsilateral breast ratio of 9.0% (IQR 7.6-12.8%).
MRI-linac plans overall
Adequate target coverage and the predefined ipsilateral lung, heart, and chest wall constraints were achieved in all plans. The CTV extended to the first 5 mm of the external body surface (i.e. skin) in 19 out of 20 patients. The D 1cc < 12 Gy skin constraint was only feasible in 2 patients, one treated in the prone and one treated in the supine position. The D 1cc of the skin was below 16 Gy in all patients. In the total group of patients, the mean ipsilateral breast volume receiving half of the prescription dose to the GTV (i.e. 10 Gy) was 20% (IQR 15.6-22.8%).
Prone versus supine MRI-linac plan
Coverage, inhomogeneity (i.e. overdosage) and OAR dosimetry across the two treatment approaches are illustrated in Table 2 . Representative dose distributions are illustrated in Fig. 1 . In the MRI-linac plans, the differences in median D 20cc chest wall and mean lung dose were D8.1 Gy and D0.5 Gy, respectively, in favor of the prone position (Table 2, Fig. 2 ). Differences in heart and skin dosimetry between the two approaches fluctuated across various parameters ( Table 2 , Fig. 3 ) and therefore no treatment position was clearly more beneficial. The dose to the ipsilateral or contralateral breast appeared not to be associated with a specific treatment position ( Table 2 ).
Clinical versus MRI-linac plan in the supine treatment position
In the actual delivered plans in the supine group, the median values of the mean ipsilateral breast, ipsilateral lung, and heart dose were 4.5 Gy (IQR 3.9-5.3 Gy), 1.4 Gy (IQR 0.8-1.6 Gy), and 0.7 Gy (IQR 0.5-0.9 Gy), respectively (data not shown). In the PTV GTV/CTV -planning target volume of the CTV/GTV.
MRI-linac plans, the median differences in mean ipsilateral breast, ipsilateral lung, and heart dose were below 1 Gy (i.e. +D0.1 Gy, ÀD0.5 Gy and +D0.1 Gy, respectively ( Table 2) ), compared to the clinical plans.
Clinical versus MRI-linac plan in the prone treatment position
In the actual delivered plans in the prone group, the median values of the mean ipsilateral breast, ipsilateral lung, and heart dose were 3.8 Gy (IQR 3.1-4.4 Gy), 0.3 Gy (IQR 0.2-0.4 Gy) and 0.1 Gy (IQR 0.0-0.3 Gy), respectively (data not shown). In the current prone MRI-linac plans, the median differences in mean ipsilateral breast, ipsilateral lung, and heart dose were again below 1 Gy (i.e. +D0.8, +D0.1 and +D0.7), despite a larger target volume compared to the actual delivered plans.
Differences in various skin parameters between the MRI-linac and clinical delivered plans are illustrated in Table 3 .
Technical feasibility
In all patients treated in the supine position, the isocenter was located within the body contour, mostly at mid-mediastinal position. In patients treated in the prone position, the fixed isocenter was located outside the body contour, in the midline, due to the position of the breast board. All patients treated in the prone position, would have fit the 70 cm MRI-linac bore, given that the 
Discussion
To our knowledge, the current study is the first to address the dosimetric feasibility of a prone and supine treatment approach using an MRI-linac for single dose preoperative APBI. When setting up the current study, we presumed that certain technical specifications of the MRI-linac and treatment position might negatively alter treatment planning and therefore dosimetric feasibility of the predefined OAR constraints, compared to conventional CTlinac based treatment. Nonetheless, our results showed that single dose APBI on the MRI-linac is feasible with respect to adequate target volume coverage and acceptable normal tissue doses, in both the prone and supine treatment position. Preliminary OAR dosimetry favored a prone approach.
Two previous studies have focused on magnetic field dose effects for postoperative RT in the supine position [26, 27] . Van Heijst et al investigated the magnetic-field impact on skin dose with WBI (42.56 Gy in 16 fractions, 2-field forward IMRT) and APBI (38.5 Gy in 10 fractions, 7-field IMRT) at 0T, 0.35T and 1.5T [26] . A negative impact of the magnetic field was more prominent in WBI, whereas with APBI, its effect on the skin was perceived as negligible. Other OARs were not adversely influenced by the magnetic field. Kim et al analyzed the 1.5T magnetic field dose effects using a tangential beam arrangement, 5-beam IMRT, and VMAT for APBI delivered in 8 fractions of 5 Gy [27] . Heart and lung doses were minimally impacted by the magnetic field. Depending on the skin parameter and definition (i.e. first 3 mm versus 5 mm subcutaneous tissue), some negative impact on dosimetry could be observed. Nonetheless, for some skin parameters (e.g. D 1cc ) this could be mitigated by increasing the number of beams (i.e. 5-beam IMRT versus tangential field). At first glance, these two studies might appear conflicting with respect to the evaluated impact of the magnetic field in APBI, probably due to variations in skin definition and parameters (e.g. mean dose, D 1cc , D 2cc ), and significance level of observed differences (i.e. a 0.05 versus 0.10). Nonetheless, both studies conclude that additional beams reduce the skin dose and the magnetic field does not compromise other OAR dosimetry. In our study, we observed that for both positions the OARs were not compromised. This is further strengthened by the comparison of the clinical and MRI-linac plans in supine position with the same prescribed dose, and similar constraints during treatment plan optimization, with minor absolute dosimetric differences, including skin parameters (Table 3) . Therefore, limited clinical impact is anticipated, nonetheless these findings will need to be confirmed in future MRI-linac clinical trials to establish safety and tolerability. For the prone MR-linac plans, a direct comparison of the MRI-linac to the actual delivered plans is partially impeded by differences in CTV margin, prescription dose (i.e. 21 Gy versus 15/20 Gy) and OARs constraints for plan optimization. Still, one observation is interesting for description: despite the lower 15/20 Gy prescribed dose with the MRI-linac plans, the median V 12Gy was higher, 17.3 cc versus 9.8 cc compared to the prone clinical plans with a 21 Gy prescribed dose (Table 3) . This is likely attributable to the increase in CTV margin from 1.5 cm utilized in the clinical plans to a 2.0 cm extension from GTV in the MRI-linac plans.
Our institutions have focused on the concept of single dose preoperative APBI to enable a radiosurgical approach in low-risk breast cancer. Since CT-based target delineation may be suboptimal due to the reduced soft tissue contrast differentiation, MRIguided targeting may be uniquely suited to this approach [11, 12] . The MRI-linac could have the potential to minimize the PTV margin. Moreover, since the set-up error might increase in prone compared to supine treatment position, on-line imaging could also account for position verification issues. This might result in decreased irradiated volumes and a further decrease of RTinduced toxicity. In the context of post-operative APBI, due to the elongation of the tumor bed in the prone position, the mean CTV and PTV volumes are significantly higher for patients treated prone versus supine [28] . At the same time, prone positioning appears to be more beneficial with respect to non-target tissue dosimetry, especially in patients with right-breast cancers or left-breast cancers in women with large breasts [29] . This is in line with our observation given the mean dose to the ipsilateral lung, V 2.8Gy heart and especially D 20cc chest wall which appear to be smaller in the prone treatment position ( Table 2 , Fig. 2) . A prerequisite for a radiosurgical approach in early-stage breast cancer concerns adequate dose prescription and the importance of high biological effective doses (BED) for local tumor control, as illustrated in the case of stereotactic RT in early-stage lung cancer [30] . Compared to an offline, MRI-guided approach to the intact tumor, real-time tumor imaging with the MRI-linac allows potentially for plan adaptation strategies, and thus BED escalation for high-risk tissue, possibly further enhancing the local tumor control probability. Furthermore, from a patient's perspective, an MRI-linac based single dose APBI might provide less burdening invasive procedures, e.g. no additional fiducial marker is required for position verification. Moreover, a pseudo-CT-scan based on the online MRimages, instead of a separate RT planning-CT, might be sufficient for treatment planning.
Still, certain limitations of the current study have to be addressed. First, the practical feasibility of the single dose MRIlinac treatment approach for breast cancer patients is still under investigation. Also, similar PTV margins to the clinical plans were used for the MRI-linac, since at this stage of research it is yet unknown what the extent of this PTV margin should be, whereas smaller MRI-linac margins would more easily result in feasible coverage and OAR dosimetry. At our department, a clinical study is currently ongoing towards the development of an adaptive MRI-linac workflow in the supine and the prone position, thereby also including the practical feasibility of various breast boards, treatment time delivery considerations, comfort evaluation for breast cancer patients and evaluation of the most adequate PTVmargin. Second, evaluation of the prone and supine treatment approach has been done with distinct patients (e.g. variation in Body Mass Index, tumor localization in breast quadrant, more left-sided breast cancer in patients treated in the supine position) rather than in a pairwise fashion and thus may not fully capture dosimetric differences between the supine and prone position when using an MRI-linac. We therefore cannot elaborate on specific treatment positions being more favorable for specific patients. Furthermore, it has to be noted that the clinical and MRI-linac plans in the prone position have been performed with a different prescribed dose, CTV and PTV definitions and therefore a direct dosimetric comparison was not possible. Nonetheless, our main study goal was to investigate the dosimetric feasibility according to actually utilized clinical predefined constraints, which we could evaluate based on our data. Our results thus far are encouraging in both treatment positions, nonetheless MRI-linac based single dose ablative APBI as radiosurgical alternative to current breast conserving therapy in early-stage breast cancer will of course need to be confirmed in the clinical setting.
Conclusion
Single dose APBI on the MRI-linac to the intact tumor is dosimetrically feasible in both the supine and prone position for early-stage low-risk breast cancer. Although dose contraints were met for both treatment positions, OAR dosimetry might favor a prone treatment position.
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